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INTRODUCTION
Nuclear energy could play a role in the development of a sustainable energy supply paying heed to climate and environmental safeguard. However, management of spent nuclear fuel (SNF) remains one of the major concerns for its public acceptance [1] . Up to December 2015, 266,000 tons of heavy metals (t HM ) SNF have been accumulated globally at a rate of approximately 7,000 t HM SNF per year [2] . The relief of this undue radioactive and radiotoxic burden to future generations can be pursued by a closed nuclear fuel cycle [3] . Up to now, safe, efficient and cost-effective hydrometallurgical processes, above all the Plutonium and Uranium Reduction EXtraction process (PUREX), have been successfully developed to recover uranium and plutonium isotopes [4] , i.e. about 95% of the SNF inventory after 40
GWd/t burn up [5] . Mono-recycling of U and Pu allows saving at least 15% of natural uranium resources, thus reducing the front-end activities and improving the already competitive nuclear energy environmental footprint [6] . Moreover, a significant reduction of the amount of long-lived High Level Waste is achieved, thus allowing a relief of the repository footprint both in terms of waste disposal volume and surface area due to the lower waste heat-load [7, 8] . Furthermore, multi-recycling of U, Pu and minor actinides (MA: Np, Am, Cm) in Fast Neutron Reactors would allow to produce electricity from existing SNF stockpiles for several thousands of years, thus improving nuclear sustainability along with its environmental footprint [6, 9] . Neptunium can be recovered along with U and Pu in advanced PUREX processes [10] . The other trivalent MA can be separated from Highly Active Raffinate (HAR) and can be recycled in generation IV nuclear systems according to the Partitioning and Transmutation (P&T) strategy [11] . Due to their high neutron-capture crosssection, the trivalent lanthanides (Ln) must be removed to allow efficient MA transmutation [12] . Unfortunately, the unfavorable mass ratio along with the similar chemical behavior of trivalent MA and Ln are major difficulties to be dealt with in the development of MA separation processes [13] . Nevertheless, the separation of trivalent MA from the Ln becomes possible with ligands containing soft electron-donor atoms [14, 15, 16, 17, 18] . The 1, 2, triazine bearing ligands, in particular 2,6-bis (1,2,4-triazin-3-yl) pyridines (BTP), 6,6'-bis (1,2,4-triazin-3-yl) -2,2'-bipyridines (BTBP) and 2,9-bis (1,2,4-triazin-3-yl) -1,10- phenanthroline (BTPhen), have proved to be promising to achieve the MA(III)/Ln(III) separation [19] .
Due to the difficult separation of trivalent MA and lanthanides a two-step approach had been followed. Several hydrometallurgical partitioning approaches have been developed for the simultaneous removal of 4f and 5f elements from the PUREX raffinate, such as the DIAMide EXtraction (DIAMEX) process using malonamides or the TRansUranic EXtraction (TRUEX) or the TRialkyl Phosphine Oxide (TRPO) processes by means of phosphine oxide extractants [20, 21] . Afterwards, as prompted by the Selective ActiNide EXtraction (SANEX) process, a separation of the trivalent MA from the Ln was achieved by the selective extraction of MA from the DIAMEX raffinate using a lipophilic N-donor extractant [22] . In the U.S., the Trivalent Actinide Lanthanide Separation with Phosphorus-reagent Extraction from Aqueous Komplexes (TALSPEAK) process has been designed to enable the selective extraction of Ln supported by a selective retention of MA in the aqueous phase [23] . Recently, an Advanced TALSPEAK process has been developed and demonstrated at the laboratory scale [24, 25] .
Although demonstrated at the pilot-scale, the industrial implementation of the TALSPEAK process has been hindered by its complexity. As valid alternatives, the American reverse TALSPEAK and the Japanese Solvent Extraction for Trivalent f-elements Intra-group separation in CMPO-complexant System (SETFICS) processes envisage the MA selective stripping by an aqueous hydrophilic complexant [26, 27] . Likewise, exploiting the same concept of the reverse TALSPEAK, the Actinide Lanthanide SEParation (ALSEP) process has been developed to improve the TRUEX-TALSPEAK combined approach [28] .
Within the previous joint research projects funded by the European Commission, single cycle hydrometallurgical processes have been proposed for the direct separation of trivalent MA from the PUREX raffinate [13, 29] . Among them, the innovative SANEX (i-SANEX) process entails the preliminary MA(III) and Ln(III) co-extraction from other fission and corrosion products by a non-selective lipophilic ligand, e.g. N,N,N',N' tetraoctyl diglycolamide (TODGA) [30] , see Figure 1 (Left). This extractant has been studied by batch and multi-stage centrifugal contactor battery tests, also in presence of a genuine fuel raffinate solution [31, 32, 33] . Afterwards, the MA(III) were back-extracted (stripped) from the organic phase using a selective hydrophilic complexing agent. Whereas TODGA proved to satisfy the technological requirements, the main challenge lies in the design of a water-soluble complexant fulfilling additional requirements: i) MA(III)/Ln(III) selectivity; ii) reversibility of MA(III) retention; iii) fast complexation kinetics; iv) no hydrodynamic issues; v) stability towards hydrolysis and radiolysis [13, 34] . Furthermore, an optimal complexant should contain only C, H, O and N atoms in order to be fully incinerable without bequeathing secondary solid wastes [35] . Several promising hydrophilic complexants have been developed although they do not fully match all requirements [36] . The sulfophenyl-BTP (2,6-bis (5,6-di(sulfophenyl) -1,2,4-triazin-3-yl) pyridine, SO 3 -Ph-BTP) [37] molecule has been studied under the perspective of fundamental properties [38] as well as for process development in single and multi-stage centrifugal contactor batteries [39, 40, 41] . Its main disadvantage is the presence of sulfophenyl groups that hinder complete decomposition to gaseous products. Recently, since an alternative to SO 3 -Ph-BTP with similar selectivity but containing just C, H, O, N atoms is extremely desirable, 2,6-bis [1-(propan-1-ol Figure 1 , Right) has been proposed as a promising hydrophilic i-SANEX complexing agent [42] . Its tridentate N donor chelating unit has been conceived in order to enhance MA(III)/Ln(III) selectivity and hydrophilicity was achieved by functionalization with alkyl chains bearing hydroxyl groups. The fulfilment of the above described requirements has already been demonstrated, in particular concerning MA(III)/Ln(III) selectivity and stability towards radiolysis by means of batch solvent extraction, spectroscopic complexometric titration and analytical chemistry experiments [42, 43] .
TODGA
PyTri-Diol The purpose of this work is to assess the applicability of the TODGA-PyTri-Diol system in a counter current process setup. With this regard, preliminary batch solvent extraction tests were performed in order to confirm the working conditions. Afterwards, single-stage centrifugal contactor experiments were carried out. Three flow-rates were tested so as to evaluate the transfer kinetics and the single-stage efficiency.
EXPERIMENTAL

General methods and chemicals
TODGA was obtained from TechnoComm Ltd. (Wellbrae, Falkland, Scotland) and used without further purification. PyTri-Diol was synthesized by University of Parma according to the procedure described elsewhere [42] . All other chemicals were purchased from commercial vendors and used as received. Aqueous solutions were prepared using ultrapure Extraction experiments were performed by contacting 500 μL of both phases in 2 mL glass vials. The mixing was ensured by a horizontal shaker at 2500 rpm for 60 minutes, with the temperature fixed at 25 °C. As outlined from preliminary experiments, this mixing time turned out to be far enough to reach equilibrium [42] . After phase separation, aliquots of both phases (300 μL) were collected for the γ-measurement using a High Purity Germanium 
Single-stage centrifugal contactor experiment
The counter-current liquid liquid extraction experiment was carried out in a single-stage centrifugal contactor device (produced by Institute of Nuclear Energy Technology, Tsinghua University, Beijing, China) characterized by 6 mL total hold-up volume. The operational rotation speed of the centrifuge was set at 4500 rpm in order to allow efficient phases separation. The above described TODGA based organic solvent was previously loaded from kBq/mL, 5.55 kBq/mL and 9.25 kBq/mL, respectively) and scrubbed with 0.5 mol/L HNO 3 to limit the organic nitric acid concentration and to reduce the co-extraction of undesired fission and corrosion products. As described, 0.5 mol/L CDTA was added to the feed to suppress the extraction of Pd and Zr. Both extraction and scrubbing steps were performed by contacting aqueous and organic phases in glass Schott flasks. The mixing was performed by manual shaking for 15 minutes and the phases were allowed to settle down. After separation of the phases, aliquots were collected to verify mass balance and extraction performance. The stripping step was performed by feeding the previously loaded and scrubbed organic phase and the optimized stripping solution (0.08 mol/L PyTri Diol in 0.45 mol/L HNO 3 ) in the centrifugal contactor by duly calibrated syringe pumps. In order to investigate different contact times between organic and aqueous phases, forasmuch as the contactor chamber volume is constant, three different flow-rate conditions were tested by keeping O/A volume ratio constant at a value of 2. In the first one, the organic phase was introduced at 120 mL/h, while the aqueous phase was introduced at 60 mL/h, resulting in a phases contact time of 2 minutes. The second condition consisted of organic and aqueous phases fed at 80 mL/h and 40 mL/h, respectively (phases contact time of 3 minutes). In the last condition the flow-rates were 60 mL/h and 30 mL/h for organic and aqueous phases, respectively; consequently a phase contact time of 4 minutes was reached. Each flow-rate condition was maintained until the steady state was confirmed by accompanying 241 Am(III) and 152 Eu(III) γ-measurement (10 minutes at the first condition, 20 minutes at the second and 26 minutes at the third one).
During each flow-rate change, the pumps were stopped, set to the new flow-rate and restarted, while the centrifuge was kept in operation. At the thirtieth minute the syringe containing the organic phase was refilled. For the subsequent analyses, several samples (transient and steady state samples) were collected on a regular basis during the centrifugal contactor experiment at the aqueous and organic outlets of the contactor. Therefore, no disturbance of the steady-state was caused. The vials accommodating the resulting aqueous and organic solutions were changed every minute for the first condition and every 2 minutes for the second and third one. Moreover, after the experiment, the centrifugal contactor was dismantled and the content of the mixing chamber was retrieved and mixed for 15 minutes by an orbital shaker in order to obtain the equilibrium samples. Two aliquots were derived from every sample for γ measurement and ICP-MS analysis. Moreover, α spectrometric analyses were performed on selected samples in order to assess the distribution ratios of 244 Cm(III). Distribution ratios and separation factors were calculated as described above. Furthermore, the single-stage efficiency percentage (E%) of the stripping step was calculated at each flow-rate condition according to the equation:
where is the cation concentration in the loaded organic phase; is the cation concentration in the organic phase of the steady-state sample x of the centrifugal contactor experiment; is the cation concentration in the organic phase of the equilibrium sample [46] . Both and were normalized to the value, taking into account the cation concentration in the respective aqueous phase.
RESULTS AND DISCUSSION
Optimization of stripping phase composition on batch scale
Preliminary batch solvent extraction tests were carried out in order to verify the optimal working conditions already outlined in a previous work [42] .
A first experiment was performed focusing on the optimal HNO 3 concentration for the stripping step. PyTri Diol was dissolved in several Feed 1 aqueous solutions with different initial HNO 3 concentrations ranging from 0.13 to 1.15 mol/L. The results are reported in Table 2 . The presence of PyTri-Diol as hydrophilic complexing agent suppresses the extraction of Am(III), while the effect on the Ln(III) is less pronounced if compared with literature data on TODGA behavior [45] . Distribution ratios of Am(III) are significantly lower compared to the Ln(III). Thus, the selectivity of the N 3 -donor site for MA(III) towards Ln(III) is confirmed.
Moreover, the distribution ratios of both Am(III) and Ln(III) increase with increasing initial HNO 3 concentration, as usually observed for solvating extracting agents [47] such as diglycolamide extractants [30, 37] . The optimal nitric acid concentration for a selective This entails the formation of 1:2 and 1:1 cation to ligand complexes for Am(III) and Eu(III),
respectively. The discrepancy in the complexation stoichiometry is evidenced, as compared with the results of a spectroscopic study, where prevalent 1:3 cation-ligand complexation was shown at process conditions [43] . This apparent inconsistency has been previously highlighted in other studies on different hydrophilic complexing agents [38, 48, 49] and is the order to study the influence on the distribution ratios of co-extracted elements. Table 3 shows the distribution ratios of trivalent Am, Ln, and Ru at different initial HNO 3 concentrations. The distribution ratios of the selected elements increase with increasing nitric acid concentration. The investigation of ruthenium behavior is worthwhile, since its co-extraction by the TODGA solvent could not be completely prevented [32, 33, 41] . It is well-known that different Ru species can form in nitric acid, thus influencing the extraction experiments results. As well, the chemical form of Ru added to the simulant feed solution has to be acknowledged. Similarly to previous TODGA process tests [31] [32] that produced comparable results with a hot test of the same system using genuine fuel solution [22] , Ru was added to the synthetic feed solution in the form of nitrosyl-nitrate salt. Therefore, the obtained Ru speciation can be assumed representative of that in genuine fuel solutions. The distribution ratios of other fission and corrosion products are not reported since they were not present in significant amounts in the TODGA organic phase after the scrubbing step [41] .
The optimal HNO 3 concentration of the stripping solution is about 0.42 mol/L HNO 3 . In this condition, all fission and corrosion products manifest distribution ratios greater than 1 while Table 2 and Table 3 should be mainly ascribed to loading effects due to the different feeds being used in the experiments, dilute Ln and HAR simulate solutions respectively.
Similar investigations were conducted focusing on the influence of the PyTri-Diol concentration on distribution ratios of co-extracted metal ions. Table 4 [42] . Furthermore, ruthenium back extraction seems to be unaffected by modifications of the complexant concentration as its distribution ratios are constantly greater than unity. These preliminary batch tests showed that the PyTri-Diol based stripping solution provides high selectivity for trivalent Am over Ln in forward and backward extraction modes, not only with trace concentrations of fission and corrosion product ions but also with an organic phase loaded from a spiked synthetic feed simulating the PUREX raffinate. The optimal solvent formulation gathered by these experiments was found to be 0.08 mol/L PyTri-Diol in 0.44 mol/L HNO 3 . Except for Ru that turned out to be uninfluenced by PyTri-Diol, the fission and corrosion products should not represent a problem in a TODGA-based counter-current process.
Single-stage centrifugal contactor experiment
Studies on novel chemical systems to be used in SNF reprocessing are usually performed as batch experiments, in order to identify the ideal working conditions. Afterwards, if these preliminary results are promising enough to deserve further investigations, small-scale tests are performed in dedicated devices in order to ascertain the process feasibility and determine the scaling up factors for a pilot or industrial plant [50, 51] . is rather low, with SF Cm/Am of about 1.4 at steady state condition versus 1.1 at equilibrium [42] . Furthermore, the presence of fission and corrosion products does not compromise PyTri-Diol performances. Special attention should be dedicated to ruthenium. In fact, it is known from previous works that this element is present in the loaded organic solvent after co-extraction and scrubbing steps with ca. 16% of its initial mass [32, 33, 41] . Consequently, it has to be carefully monitored so as to ascertain that its distribution ratio is above 1 in order to avoid contamination of the MA product solution. In compliance with this requirement, distribution ratios of this element were found to be far above unity (greater than 20, see Table   5 ). The other fission and corrosion products present in the synthetic feed (e.g.: Sr, Mo, Pd)
are meaningless for the stripping stages as they were already removed during the extraction/scrubbing sections [41] . Along with the satisfactory trivalent MA/Ln separation, these results are very encouraging concerning fission and corrosion products for the candidacy of the TODGA -PyTri-Diol system as promising solvent-stripping combination for the development of a novel i-SANEX flow-sheet.
The distribution ratios of major cations obtained for steady-state and equilibrium samples are reported in Table 5 
Flow-Sheet Calculations
A flow-sheet for the MA(III)-Ln(III) separation section to be implemented in an i-SANEX process run was calculated. This section consists of two sub-sections, one for stripping Am(III) and Cm(III) from the loaded organic phase using an aqueous solution containing PyTri-Diol, one for re-extracting co-stripped Ln(III), see Figure 5 .
Calculations were performed using the SX Process code [52] [53] . Distribution data from above batch and single-stage centrifugal contactor experiments were used. Since no singlestage results for the re-extraction of Ln(III) is available, stage efficiency for this sub-section was estimated based on results from the i-SANEX process run using SO 3 -Ph-BTP [37] .
Recoveries were calculated for Am(III), La(III) (which has distribution ratios closest to those of Am), and Eu(III). The proposed flow-sheet is shown in Figure 5 . re-extraction section the La(III) loss to the An(III) product solution is expected to be only slightly reduced, from 2.3% down to 1.6%.
CONCLUSIONS
The 
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